Chemicals were purchased at the highest purity available. Nucleotides were purchased from Sigma-Aldrich or MP Biomedicals and were used as received. Plastic-backed polyethyleneimine (PEI) -cellulose TLC plates impregnated with short-and long-wave UV fluorescent compounds were from Sigma. Non-fluorescent PEI-cellulose plates were from Macherey-Nagel. Chemically competent E. coli BL21 (DE3) and BL21 (DE3) Codon Plus RPIL cells were from Agilent. Primers were purchased from Invitrogen. Phusion® High Fidelity DNA polymerase and restriction enzymes were from New England Biolabs. DL-dithiothreitol (DTT) and T4 DNA ligase were from Promega. The vector pTB145, encoding His 6 -tagged SUMO protease, was a gift from Dr. Bradley Pentelute (Department of Chemistry, MIT). It was transformed into BL21 (DE3) Codon Plus RPIL cells and the protein overexpressed and purified as described previously (1).
incubated for 2 h and either stored at -80 °C or loaded directly onto a Ni-NTA column (4.0 x 1.5 cm, 7 mL) equilibrated in 50 mM sodium phosphate, pH 7.6, 150 mM NaCl, 5% (w/v) glycerol, and either 40 mM imidazole and 10 mM BME (NrdE) or 20 mM imidazole (NrdF). The column was washed with 9 CVs of equilibration buffer and 20 x 3 mL fractions were collected. Proteincontaining fractions were pooled, concentrated, and exchanged into storage buffer on a Sephadex G25 column (28 x 1.5 cm, ~49 mL): NrdE into 50 mM sodium phosphate, pH 7.6, 150 mM NaCl, 5% (w/v) glycerol, 10 mM DTT; and NrdF into 50 mM HEPES, pH 7.6, 5% (w/v) glycerol. Yields (>97% pure by SDS-PAGE) relative to the starting amounts of His 6 -Smt3-tagged protein were 90% NrdE and 89% NrdF. Protein concentrations were estimated using ε 280 = 79100 M -1 cm -1 and 54800 M -1 cm -1 for NrdE and NrdF, respectively.
Tag removal from His 6 -Smt3-NrdI used 1.2 mL of ~550 µM protein supplemented with 5 mM DTT and 20 µM SUMO protease (mole ratio ≈ 25:1). The reaction was incubated for 24 -48 h at 4 °C and either stored at -80 °C or directly loaded onto a Ni-NTA column (4.0 x 1.5 cm, 7 mL) in 50 mM sodium phosphate, pH 7.6, 150 mM NaCl, 20 mM imidazole, 5% (w/v) glycerol.
The column was washed with 7 CVs buffer and 20 x 2.5 mL fractions were collected, with tagless NrdI eluting in fractions 1 -5. These fractions were pooled and placed in a 50-mL beaker to which was added 10 mg FMN (Sigma Aldrich, purity 73 -79%) and 50 mM sodium phosphate (pH 7.6) buffer to give final concentrations of 50 mM sodium phosphate, pH 7.6, 94 mM NaCl, 12.5 mM imidazole, 3% (w/v) glycerol, 1 mM FMN, and ~35 µM NrdI in 20 mL. The beaker was wrapped in foil and the contents stirred at 4 °C for 4 -6 h. The solution was then concentrated to ~1.5 mL using a pressurized Amicon stirred cell with a 10000 MWCO regenerated cellulose membrane.
The sample was then buffer exchanged on a Sephadex G25 column (28 x 1.5 cm, 49 mL) into 50 mM HEPES, pH 7.6, 5% (w/v) glycerol. Protein-containing fractions were pooled and concentrated to ~1 mL to give 500 -600 µM NrdI in 84 % yield and > 97% purity. The FMN load and ε 449 (11900 M -1 cm -1 ) of NrdI was assessed by the method of Mayhew and Massey (8) . To assess the FMN load, the protein pellet was dissolved in 200 µL Edelhoch buffer (6 M guanidinium HCl, 20 mM sodium phosphate, pH 6.5) and the amount of protein quantitated by A 280 (ε 280 = 9530 M -1 cm -1 , calculated as described by Gill and von Hippel) (9, 10) . Tris, pH 7.6, 5% (w/v) glycerol, 1 mM tris(2-carboxyethyl)phosphine (TCEP)) supplemented with 100 mM NaCl. The column was washed with 10 mL of equilibration buffer and the protein eluted with a 160 mL linear gradient from 100 -500 mM NaCl in Tris buffer at a flow rate of 1 mL min -1 . Apo-NrdE eluted between 260 -270 mM NaCl and holo-NrdE between 330 -350 mM NaCl ( Fig. S3A) . Protein fractions in each region were pooled, concentrated, and stored at -80 °C. At a later date, multiple isolates of either apo-or holo-NrdE obtained through the procedure described above were pooled and rechromatographed on the MonoQ column to generate a homogenous preparation of the desired protein ( Fig. S3B and C) . These samples were exchanged into storage buffer by gel filtration on a Sephadex G25 column and assayed for dAXP as described below.
Separation of apo-and holo-NrdE by
Spectrophotometric assays. Assays monitoring NADPH consumption (ε 340 = 6220 M -1 cm -1 ) were conducted at 37 ºC using a Varian Cary 3 spectrophotometer and contained in a volume of 500 µL: 50 mM HEPES, pH 7.6, 15 mM MgCl 2 , 1 mM EDTA, 40 µM TrxA, 0.4 µM TrxB, 0.2 mM NADPH, 0.5 µM Mn-β 2 (0.9 Y•/β 2 ), and 0.5 µM NrdE. Assays assessing substrate specificity allosteric regulation were carried out with aiNrdE (0.7 ± 0.1 dAXP/α (X = M, D, T), see Fig. 2 and Table S1 ). Assays to determine the effect of dATP on activity were carried out with either apo-NrdE (≤ 0.02 dAXP/α) or holo-NrdE (1.1 ± 0.2 dAMP/α). All assay solutions were incubated at 37 ºC for 2 min prior to adding either β 2 or substrate to initiate turnover. To measure steadystate kinetic parameters for effectors, substrate concentrations were held at 1 mM while effector concentrations varied: ATP (25 µM -4 mM), dGTP (250 nM -4 mM), TTP (100 nM -4 mM).
To measure steady-state parameters for substrates, the appropriate effector was present ~10x its (Table S2) , while the substrate concentration was varied: ADP (25 µM -8 mM), CDP (10 µM -2 mM), GDP (10 µM -1 mM), UDP (25 µM -4 mM). Data were fit to the Michaelis-Menten and Hill equations using non-linear regression in Igor Pro (Wavemetrics, Lake Oswego, OR). The statistical significance of better fits to the Hill equation were assessed using an extra sum-ofsquares F test with a threshold p = 0.01. To assess the inhibitory properties of dATP on UDP reduction catalyzed by aiNrdE and CDP reduction catalyzed by apo-and holo-NrdE, the substrate concentration was 1 mM and dATP concentrations spanned 250 nM to 1 mM.
SV-AUC analysis of aiNrdE with nucleotides. SV-AUC was performed using a Beckman
XL-1 analytical ultracentrifuge with interference optical detection at the MIT Biophysical Instrumentation Facility essentially as described previously (4) . Cells assembled with Epon charcoal double sector centerpieces and sapphire windows were loaded with ~440 µL samples of 1.0 -1.2 µM aiNrdE with dATP (0.5 -100 µM) or TTP (0.12 µM -12 µM) prepared in AUC buffer (50 mM HEPES, pH 7.6, 150 mM NaCl, 15 mM MgCl 2 , and 1 mM TCEP). The experiments were performed at 20 °C and an angular velocity of 42000 rpm. For samples with 0-50 µM dATP or 0.12 -12 µM TTP, the first 250 scans of each data set were time stamp corrected (11) and then fit to the c(s) model augmented with the buffer sedimentation correction module (12) in the K m app program Sedfit (13, 14) . The resulting s 20,w distributions were corrected to standard state using a buffer density = 1.009 g mL -1 , buffer viscosity = 1.054 cP, and partial specific volume = 0.7324 cm 3 g -1 for NrdE, which were calculated with the program Sednterp (15) . The program HYDROPRO (16) was used to predict the s 20,w for the NrdE monomer and dimer as described previously (4) .
The SV-AUC data for the sedimentation of 1.0 µM aiNrdE in the presence of 100 µM dATP was different from those produced at lower dATP concentrations in that two distinct sedimentation boundaries were observed. One boundary corresponded to large species of NrdE that completed sedimentation within the first 10 -15 scans of the experiment and that could not be satisfactorily fit with any of the models of Sedfit. Analysis of these scans was therefore performed with the program DCDT+ developed by John Philo (version 2.4.3) (17, 18) , which does not attempt to deconvolute the diffusion coefficients of sedimenting species. The apparent sedimentation coefficient distribution, g(s*), resulting from this analysis displays an upturn at low s 20,w values and a broad peak spanning ~60-130 S. Assuming that NrdE produces a shift of 3.3 fringes per 1 mg mL -1 , approximately 30% of the protein is accounted for in the broad peak as large dATP-induced oligomers/aggregates. To learn more about the smaller species present at 100 µM dATP, we fit scans 16 -200 using the c(s) model in Sedfit as described above. The resulting c(s) distribution (Fig. S2A , bottom curve) revealed the same two-peak structure observed at lower dATP concentrations, albeit with slight higher sedimentation coefficients (6.8 S and 9.3 S).
Quantitation of dAMP bound to NrdE.
Prior to quantitation of nucleotide, DTT, glycerol, and Tris buffer, which contribute to absorption features in the UV, were removed by exchanging aliquots of NrdE into 50 mM sodium phosphate, pH 7.6, 150 mM NaCl using three to four rounds of dilution-concentration with Amicon Ultra-0.5 YM30 microcentrifugal filters (EMD Millipore). Replicate samples of NrdE (~45 µM, ~100 µL) were then immersed in a boiling water bath for 10 min and cooled on ice. The precipitated protein was pelleted by centrifugation (21130 x g, 10 min, 4 ºC) and the supernatant was transferred to a new container. The pellet was centrifuged again and any remaining liquid was pipetted off and combined with the supernatant from the first spin. The total volume of the supernatant was determined and its A 260 (ε 260 = 15400 M -1 cm -1 ) was measured. The protein pellet was dissolved in 200 µL Edelhoch buffer (6 M guanidinium HCl, 20 mM sodium phosphate, pH 6.5) and the amount of protein quantitated by A 280 (ε 280 = 70830 M -1 cm -1 , calculated as described by Gill and von Hippel) (9, 10).
Alternatively, aiNrdE or endogenous NrdEF were exchanged via Sephadex G50 into 50 mM Tris pH 7.6, 30 mM NaCl to remove glycerol and DTT and then precipitated by addition of HClO 4 to a final concentration of 1%. The precipitated protein was removed by centrifugation, and the supernatant was neutralized with ice cold 2M KOH at 4°C. After 1 h at -20°C, the KClO 4 was removed by centrifugation and the A 260 was measured as described above. Control experiments indicated that neither denaturation procedure hydrolyzed dATP.
Nucleotide isolation and identification: PEI-cellulose TLC and 1 H-NMR.
To identify the nucleotide(s) bound to aiNrdE, a total of 4 protein preparations were denatured using the methods described in the previous section. For two isolates (1.4 µmol dAXP total), the protein was dialyzed against 3 x 4L of water over 8h at 4°C prior to heat denaturation. The other preparations were precipitated with HClO 4 following buffer exchange and worked up as described above. (22) . Initial structures were solved using the online molecular replacement server BALBES (23) , which identified the coordinates of NrdE from Salmonella typhimurium (PDB accession code 1PEM) (24) as the initial search model. REFMAC5 (25) , implemented within CCP4 (26) , and Coot (27) were used for model building and refinement.
All structures were validated and analyzed for Ramachandran parameters with the Molprobity server (28) . All data collection and model refinement statistics are listed in Table S3 . Electron density maps were calculated using the FFT program (29) Small-angle X-ray scattering (SAXS). X-ray scattering experiments were performed at the Cornell High Energy Synchrotron Source (CHESS) G1 station on four different occasions using a 250 µm square X-ray beam with an energy of 9.8 or 9.9 keV and flux of ~10 12 photons s -1 mm -2 at the sample position. Small-angle and wide-angle X-ray scattering (SAXS/WAXS) images were collected simultaneously on two Pilatus 100K photon-counting detectors, covering a range of q ≈ 0.01 -0.7 Å -1 . q is the momentum transfer variable and is defined as q = 4π/λ sinθ, where λ is the X-ray wavelength and θ is the scattering angle. Data processing and analysis were performed using custom code written in MATLAB (The MathWorks, Inc. Natick, MA), BioXTAS RAW (31) , and ATSAS (32) . The scattering images were integrated about the beam center and normalized by the transmitted intensities measured on a photodiode beamstop as previously described (33, 34) . Background scattering was subtracted from the protein solution scattering to produce the integrated protein scattering profile, I(q), as a function of q. Radii of gyration (R g ) were estimated with Guinier analysis, and the pair distance distribution analysis was performed in GNOM (35) . c. Decomposition of scattering curves and elution peaks. AEX-SAXS data were decomposed into four scattering components: two components represented the changing background due to the NaCl gradient, possibly including its effect on the X-ray window, and two components represented eluting protein species (Figure S9) . The decomposition was performed in MATLAB using the alternating least-squares algorithm (37) , modified to include smoothness regularization (38) applied to the elution peaks. Each component's regularization parameter was chosen manually.
d. Structural analysis. Experimental scattering curves were fitted to theoretical scattering profiles of structural models over the q-range 0.008 -0.7 Å -1 using CRYSOL (39) . The √χ 2 values were those reported by CRYSOL. To account for scattering from unmodeled residues in the crystal structure of dAMP-loaded NrdE, a homology model of the B. subtilis monomer was made in Phyre (40) . Models of the non-canonical and canonical dimers were then constructed by aligning the Phyre model of the monomer with the dAMP-bound crystal structure reported here and the previously reported S. typhimurium NrdE structure (PDB accession code 1PEQ) (24) . Our analysis of these structures suggests that the occurrence of a carboxylaterich loop in the α subunit, a feature that is specific to the B. subtilis system and a few closely related enzymes, appears to encourage non-native ionic interactions between monomers at the high concentrations of enzyme present in the crystal lattice. This phenomenon would be altered at increased pH and provides an explanation for disruption of the binding pocket by the latticeinduced (and non-physiologically-relevant) contacts that seemingly result in loss of the dAMP monomer in the crystal at pH 7. (41) analysis (http://consurf.tau.ac.il) shows that the NrdE residues that directly interact with dAMP are similar within this group. (C, D) Analysis of the molecular surface around the dAMP binding pocket and at the non-canonical dimer interface shows that these regions are also highly conserved in this subset of class Ib RNRs. Selected side chains are shown in stick format and dAMP is shown as a space-filling model (orange). Figure S7 . H34Q NrdE displays a similar dATP inhibition profile as apo-NrdE (main text Fig. 3 ). Following MonoQ AEX, the final H34Q NrdE fraction was concentrated to 30 µM monomer (in 50 mM Tris pH 7.6, 5 % glycerol, ~290 mM NaCl, 1 mM TCEP). Spectrophotometric assays (500 µL) were conducted at 37 °C using 1 mM CDP, the indicated concentrations of dATP, the endogenous reducing system (40 µM TrxA, 0.4 µM TrxB, 0.2 mM NADPH), and a 1:1 ratio of Mn(III) 2 -Y▪ NrdF and NrdE H34Q (0.5 µM each). 
